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Transition statesThe present status of DFT studies onwater oxidation in photosystem II is described. It is argued that a full under-
standing of all steps is close. In each S-transition, the manganese that is oxidized and the proton released are
strongly implicated, and structures of all intermediates have been determined. For the S2-state, recent important
experimental ﬁndings support key elements of the structure and the mechanism. In this mechanism, the O―O
bond is formed between an oxyl radical in the center of the cluster and an Mn-bridging μ-oxo ligand, which
was suggested already in 2006. The DFT structure of the oxygen evolving complex, suggested in 2008, is very
similar to the recent high-resolution X-ray structure. Some new aspects of the interaction between P680 and
the OEC are suggested. This article is part of a Special Issue entitled: Metals in Bioenergetics and Biomimetics
Systems.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Water oxidation in Photosystem II has been one of the major ques-
tions remaining to understand in biochemistry. Until only a few years
ago, a plausible mechanism for O―O bond formation was still missing,
in spite of decades of advanced experimental studies, much depending
on the lack of a geometric structure for the oxygen evolving complex
(OEC). In 1999, modern quantum chemistry entered the ﬁeld and the
progress in the understanding has since then gradually increased both
with the help of theory and experiments. The ﬁrst major breakthrough
occurred when the ﬁrst X-ray structures appeared about a decade ago,
although at quite low resolution of about 3 Å [1–3], and suffering
from radiation reduction [4]. Still, these experiments have considerably
helped to shed light on the structure of the oxygen evolving complex
(OEC), which prior to that was limited to information obtained by
EXAFS (Extended X-ray Absorption Fine-Structure) [5,6]. It can also be
added that this EXAFS information was used in setting up the X-ray
structures. In the initial stages of searching for a water oxidation mech-
anism, the leading suggestion for O―Obond formationwas an attackby
an outside water on an oxygen radical (or oxo group) bound tomanga-
nese [7–11]. In 2006, that mechanism was shown to be very unlikely,
and a new mechanism was suggested where the O―O bond is formedBioenergetics and Biomimetics
rights reserved.in the center of the OEC from an oxygen radical and a bridging oxo-
group [12]. The barrier was found to be at most half of the barrier of
the old mechanism, 5–10 kcal/mol compared to 20 kcal/mol. Alternat-
ing spins for the four atoms directly involvedwas found to be a very im-
portant requirement. Still, the mechanism was obtained with a rather
crude model of the OEC. Even though previous computational experi-
ence had shown that the general aspects of a mechanism are quite in-
sensitive to details of the structure, the situation was not entirely
satisfactory.
An important part of the further progress in ﬁnding a water oxida-
tion mechanism was taken when it was realized that the signiﬁcant
problem of calculating absolute redox potentials and pKa values using
the present limited models could be circumvented in an accurate way
[13–15]. It was realized that if the experimental driving force for
water oxidation is used, only relative values were needed to construct
most of the levels in the energy diagram. To construct also the other
ones, one experimental value is required, see further below. There are
obvious reasons to assume that the relative values should be accurately
determined by a model of the present size (200 atoms), since the sur-
rounding protein outside the model is expected to stay almost exactly
the same, transition for transition. In contrast, there will be large contri-
butions to the absolute values from charged residues even very far away
from the OEC, but which will cancel for the relative values.
In 2008, the status of the structure of the OEC was considerably
improved using DFT [13]. Using the information of the mechanism
obtained [12] combined with the X-ray back-bone structure of the
London structure [1] and the suggested ligand arrangements from the
Berlin structure [2], a new structure was obtained, which has since
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year a major experimental development took place when the ﬁrst
high-resolution structure at 1.9 Å was presented by Shen et al., which
essentially conﬁrmed the theoretical structure [16]. Themain difference
was that Asp170 was found to bind in a bridging mode between the
terminal manganese and calcium instead of only terminally to theman-
ganese as in the theoretical structure. The rest of the structure is very
similar, including the critical positions of the outer manganese and
the oxo groups, and the ligand connections. A minor problem with the
X-ray structure is that it is probably reduced by X-rays, indicating that
it is unlikely to be in the S1-state as originally claimed.
A comparison of the core parts of the different structures are
shown in Fig. 1. The orientation of the structures were made such
that one Mn-atom of the structures compared is placed at the same
position and two other as close as possible to each other. This avoids
bringing in an irrelevant rotation between the complexes. The most4
3
1
2
DFT
X-ray DFT
DFT
Fig. 1. Comparison of the DFT structure with the London structure (upper left), the Berlin str
structure no oxygens are given since they were not suggested in that structure. To clarify w
positions are signiﬁcantly different.striking differences between the DFT structure [14] and the London
structure, is the positioning of the outer manganese, which differs
by 3.2 Å. In the DFT structure, the outer manganese is connected to
the cube by two μ-oxo bridges, while in the London structure it is
only connected to one of the bridging oxos in the cube. There is also
an additional oxo bridge between the Mn-atoms in the theoretical
structure. A similar, signiﬁcant but smaller, difference is seen in the
comparison to the Berlin structure, where the positioning of the outer
manganese differs by 1.4 Å. The positions of the oxo-bridges were not
suggested in the Berlin structure due to the low resolution, but a single
oxo-bridge to the outer manganese can be assumed based on the
Mn–Mn distance of 3.3 Å. In the DFT structure, the long Mn–Mn dis-
tance of 3.3 Å is instead within the cube. On the other hand, the posi-
tioning of the outer manganese and the oxo-bridges between the
manganese atoms in the recent high-resolution Shen structure are
very similar to the DFT structure. In the comparison, it should beDFT
X-ray
X-ray
ucture (upper right) and the Shen structure (bottom). For the comparison to the Berlin
hich atoms belong to which structure, the atoms are labeled DFT and X-ray when the
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radiation. As will be seen below, the region between the outer manga-
nese and the cube is the region where most likely O―O bond formation
takes place according to the present DFT studies. In particular a sufﬁ-
ciently open space in this region is necessary for a low-barrier mecha-
nism. This is precisely the region where the low resolution structures
are incorrect and these structures have therefore mainly led to sug-
gested water oxidation mechanisms that according to DFT comparisons
are signiﬁcantly wrong [12], which has actually been the case also for
suggestions based directly on the high-resolution structure [16]. The
mechanism that has been suggested based on the X-ray structures is
an attack on an oxo-group by an external water or a water bound to cal-
cium. Other mechanisms involving an oxyl radical could also be men-
tioned here. The ﬁrst suggestion of a radical mechanism was made by
Yachandra et al. [5], in which a bridging oxyl radical was proposed to
be formed already in S3. The O―O bond should then be formed between
this oxyl radical and the other oxo-group, bridging the same centers. A
mechanism suggested by Messinger [17] starts out similarly with a for-
mation of a bridging oxyl radical in S3, but the O―O bond is not
suggested to be formed involving this oxygen. Instead, one of the oxygen
involved in forming the O―O bond is another bridging oxo ligand, while
the other oxygen is bound terminally toMn4. Notably, the involvement
of a bridging oxo-ligand is similar to the mechanism suggested by DFT.
The past three years, progress has continued. First, the old DFT
structure was updated with the new information from the high-
resolution X-ray structure, which essentially meant moving Asp170
slightly [18]. A transition state was optimized for the new structure,
almost identical to the old one, with alternating spins, similar key dis-
tances and barrier height. As expected, the different positioning of
Asp170 has nearly no effect. Later on, pathways in the OEC were
obtained for moving the protons from the substrate to the start of
the protein transfer chain at Asp61 [19]. Some of the most important
recent results have been obtained by a combination of spectroscopy
and theory. Based on the new X-ray structure and old DFT structure,
using EPR, ENDOR, and DFT, a detailed structure of the OEC in the S2
state was reached [20] that agrees almost perfectly with a structure
obtained independently by energy minimization [18]. The positions
of the oxo groups and the protonation states, even including which li-
gands are water and which are hydroxides, agree, also which manga-
nese is Mn(III) at that stage. The structure is very similar to the one
suggested for the S2-state in 2008. Quite recently, also the substrate
oxygen positions have been determined for S2 using a W-band
17O-ELDOR detected NMR spectroscopy [21]. These positions agree
with the ones suggested by the DFT study [12–14,18,19], but disagree
with all other previous proposals except the one by Messinger [17].
Overall, even after these experiments, there is not a single example
yet of where the present energy minimization did give a result that
is inconsistent with any spectroscopical results. However, since the
DFT method and the model are not exact, minor deviations must be
expected in the future. Large, signiﬁcant energy deviations become
less and less probable as more tests are made.
In the present paper, the previous studies are continued by
presenting the complete set of proton and electron release steps.
Water binding, O―O bond formation and O2 release are also described.
The calculations follow a recent study where the S2 to S4 transitions
were studied in detail [19]. This means the determination of a large
number of transition states,most of them describing the steps of proton
transfer until the proton reaches Asp61, fromwhere it is released to the
bulk [3,22,23]. At the present stage, nomajor changes of themechanism
for water oxidation are expected in the future.
For completeness, other theoretical work, some of which has
led to other suggestions, should be mentioned. Other experimental
work will be discussed in the text below. For theoretical work done
until recently, there has been a review where other references can
be found [24]. Cluster models and mechanisms have been studied
by Pace et al. [24]. They suggest lower oxidation states than theones suggested here and in most other studies. They base their con-
clusions on a computational analysis of NEXAFS (Near Edge X-ray
Absorption Fine-Structure) spectra using a TDDFT (Time Dependent
DFT) approach. In a recent study it has been questioned if the TDDFT
method is accurate enough for the analysis, and also if NEXAFS (or
XANES) is really a reliable technique for determining oxidation
states [25]. Given the close contact between the Mn-atoms in the
OEC, it would be extremely surprising if the low oxidation sugges-
tion, could produce a reactive state in S4, since an oxygen radical
has to be close to an Mn(III) center. It is also difﬁcult to understand
why the oxidation process should be interrupted before all possible
Mn(III) to Mn(IV) oxidations have been performed. This would be
contrary to all experience from biomimetic systems. In 2007, Kusunoki
[26] suggested a structure for the S0-state based on the Berlin struc-
ture [2], with the same correct and incorrect aspects as that structure.
The ligands are at essentially the correct place, but the outermanganese
is too far out, connected to the cube by only one oxo-ligand and having
three water ligands, two of which were suggested to be the substrates
based on water exchange considerations. In 2011, after the high-
resolution structure, the model was reﬁned. The originally suggested
mechanismwas kept, now supported by EXAFS calculations. To explain
the unusual position of the central oxo-ligand, it was suggested that
there are two different structures for the S1-state with equal energy
[27]. In contrast to the cluster approach, the QM/MM (quantum me-
chanics/molecular mechanics) method has been used by Batista et al.
[28,29]. They restricted the structures investigated to be similar to the
one of Ferreira et al. [1]. For the best structure obtained they also did
an analysis of EXAFS spectra [30], and found that their suggested struc-
ture would match the experimental spectrum if it was only slightly
modiﬁed. They took this information to be a conﬁrmation of their sug-
gested structure. After the new X-ray structure by Shen et al. appeared,
it became clear that their suggested structure was quite different from
the real structure. Later on it has been shown that, using their type of
analysis, also other quite different structures match the EXAFS spectra
well [31]. Furthermore, Batista et al. suggested an O―O bond formation
mechanism that is different to the one proposed here. A nucleophilic
attack from an external water (or bound to calcium) was suggested to
form the bond with an oxygen radical bound to manganese. Their
mechanism is the same as the one suggested earlier in several DFT stud-
ies starting 1999 [11–15], but which was demonstrated to lead to too
high barriers in a study 2006 [12]. Even earlier than that, this mecha-
nism was suggested in several experimental papers [32,33]. Neese et
al. [34] used a spectroscopic DFT approach to investigate several types
of clusters. They suggested that three of these structures, including
the previous theoretical structure [13], which were found to match
EPR spectra best, would be most similar to the real structure. In a later
study [35], but before the high-resolution structure appeared, it was
shown using an energy minimization approach that the structure
suggested by Batista et al., and all the new structures studied by Neese
et al., were energetically quite far above the DFT structure mentioned
above, and therefore had to be mechanistically different from the real
structure. Actually, the same conclusion could bemade for all four struc-
tures suggested by polarized EXAFS [36], which were concluded to be
signiﬁcantly too high energetically [14]. However, as a general type of
structure, the EXAFS-III model has similarities to the DFT suggested
structure, with three short Mn–Mn distances, two of them in the cube.
It can be described as a mirror-image of the DFT structure. The mirror
image leads to another assignment of the oxidation states and forces
two of the manganese centers to be 5-coordinated, if water ligands
are not added to ﬁll the empty positions. The general structure sug-
gested by Dau et al., also based on EXAFS (including a molecular me-
chanics modeling), is more similar to the DFT structure [37]. However,
only one short Mn–Mn distance was suggested in the cube. At that
point Cox et al. [38] did a newmore extendedDFT analysis and conclud-
ed that the previous DFT structure [13] matched the experimental
multifrequency EPR and 55Mn-ENDOR spectra best. Simultaneously,
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the appearance of the high resolution structure this conclusion was
deﬁnitely conﬁrmed.Quite recently, Batista et al. have analyzed the pro-
tonation state of the S1-state of the Shen structure [40]. They concluded
that the Shen X-ray structure is a mixture of oxidation states. A similar
conclusionwas reached also in other recent studies [18,20,41,42]. In an-
other study [43], Batista et al. analyzed the role of chloride bydeleting it,
and concluded that one role might be to prevent salt-bridges which
would hinder proton transfer. Other more direct effects on the redox
potentials and pKa values were not considered.
2. Methods and models
The Density Functional Theory (DFT) calculations discussed here
were performed in the same way as described in detail previously
[19]. The hybrid functional B3LYP* [44,45] was used with polarized
basis sets for the geometries (lacvp*), large basis sets for energies
(cc-pvtz(-f)), and a surrounding dielectric medium with dielectric
constant equal to 6.0 (basis lacvp*). The performance of the B3LYP
functional for the present type of problems has been reviewed
[46–48], indicating a typical accuracy within 3–5 kcal/mol, normally
overestimating barriers. Dispersion effects were added using the
empirical formula of Grimme [49]. A difference to the previous study
is that zero-point effects were calculated using large, but truncated,
models of the present structures, including about 100 atoms. The trun-
cations were made by deleting atoms on the amino acids outside
the main group (His modeled by imidazole, Glu, Asp by formates) and
freezing the end-point hydrogen atoms. The lacvp basis set was used.
Fully optimized transition states were located at the same compu-
tational level, and the important (varying between one and three) dis-
tances were transferred to the large model where they were ﬁxed,
during another full geometry optimization. The calculations were per-
formed with the Jaguar program [50].
The quantum chemical clustermodel chosen for the present applica-
tions is the same as the one used in the most recent study [19]. The
model is based on the high-resolution (1.9 Å) structure by Shen et al.
[16], and is seen for the S2-state in Fig. 2, where only themost importantAsp
Lys317
Glu333
Asp61
W1
W2
D
C
B
A
4
H+
Fig. 2. Optimized S20-state. 1–4 are the numbering of the Mn-centers, while A–D label the diffe
used during proton transfer. Only most essential atoms are shown.atoms are shown. The full 200 atom structure is given as Supplementary
material. The amino acids included in the model are ﬁrst the directly
binding amino acids, Asp170, Glu189, His332, Glu333, Asp342, Alal344
and Glu354. The second shell residues Asp61, His337 and Arg357 and
the region around the chloride are also included. This region contains,
besides chloride, also Lys317 and three water molecules, forming a hy-
drogen bonding network, as in the X-ray structure.
The energy diagrams discussed below are constructed following a
scheme described previously, where only relative pKa and redox po-
tentials are used, see for example Ref. [51]. First, the absolute energy
to remove an (H+,e−)-couple from the OEC and place them at the re-
spective acceptors, water and P680, was chosen to ﬁt what is known
experimentally about the driving force for the entire reaction. This
ﬁxes every second energy level in the diagram from the calculated
relative energy (H+,e-) differences. To ﬁx also the other half of the
energy levels, one additional parameter has to be chosen. How this pa-
rameter was chosen here is described below. Finally, a spin-correction
of−2.8 kcal/mol was added for the S4-state structures. This correction
was obtained fromusing aHeisenberg spin-Hamiltonian formalism [52]
for the S4−1 oxygen radical state.3. Results
In a recent study, two of the S-transitions, S2 to S3 and S3 to S4 were
studied and described in detail [19]. An important difference compared
to the previous study is that it was here found necessary to add a proton
to His337. This does not markedly change the relative energies, which
are the only ones used in the diagrams, except for the step when O2 is
released, see further below. Since the mechanism remains exactly the
same with the added proton for the two transitions already discussed,
only the new energies for these transitions are given below. The relative
energies are very similar to the previous ones given. For all transitions,
tomove the protons from the center of the cluster, where the chemistry
should occur in the present mechanism, requires a hydrogen bonding
network connecting the center with Asp61, from where the proton
moves to the bulk [3,22,23]. Most of the required network between170
His332
Glu189
Asp342
Ala344
Glu354
oxo
3
1
2
rent positions of the proton during release.W1 andW2 are second shell water molecules
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see Fig. 3, but reoptimizations are required for each step of the process.
The proton transfer pathway from the center of the OEC complex
to Asp61 is shown in Fig. 2 for the S2-state. The metal atoms are
labeled 1–4 as in the high-resolution X-ray structure. Four positions
along the proton transfer pathway are labeled A–D. The water in po-
sition A onMn1 is the starting point for the transfer. From A, a proton
should ﬁrst move to the hydroxide in position B on Mn4. The next
step is a proton transfer between positions B and C on the same
Mn4. From position C a proton can then reach Asp61 which is the
starting point for the proton transfer path from the OEC to the lumen.
D represents a point in the lumen, where the proton is dissolved in
water at pH 7. (It should be observed that in a release of a proton, it
does not need to be the same proton that is involved in each step of
this process). The proton cannot move directly between the different
positions A–C but needs help by the waters labeled W1 between A
and B, andW2 between B and C. Lys317 and Asp61 are critical residues
along the pathway, where also the chloride has a role. In some transi-
tions also a third water (W3) is needed. Chloride has still another
H-bond to the N-H backbone of Glu333 (this bond is not shown in the
ﬁgures). The rest of the amino acids are essentially only spectators on
the side of the transfer pathway, but play roles as charged groups, like
the metal atoms and oxo groups. In each optimized structure the total
gas phase binding energies of thewatermolecules have been calculated
and compared to the empirical value of 14 kcal/mol, which is the bind-
ing of a water molecule in bulk water. In principle, when the calculated
gas phase binding energy (X kcal/mol) is smaller than 14 kcal/mol,
(14-X) kcal/mol should be subtracted from the energies, but this did
not occur for any water in the present structures.
3.1. The experimental driving force
To obtain the experimental driving force for the entire process of
water oxidation, the redox potentials for P680 and oxygen are needed.
At pH=7 the redox potential for forming O2 from water is 0.8 V. For
P680 a redox potential for the resting state has been measured to be
1.25 V [53,54], the largest one in biology. In previous studies, the redox
potential of P680 has been assumed to be the same for all S-states leading
to a total driving force for water oxidation of 41.5 kcal/mol [14]. Howev-
er, a combination of certain experimental observations now lead to the
conclusion that this assumption is not entirely correct. The ﬁrst observa-
tion is that only an electron leaves the OEC in the S1 to S2 transitionLys317
Glu
Asp61
W1W2
Fig. 3. Proton transfer region of the high-resolution X-ray structure [16]. 1–4 are the number
transfer. Only most essential atoms are shown.[60,61]. This means that the charge of the OEC in the S3 and S4 states be-
comes one plus-unit larger than the one in S0, S1 andS2. The key question
here is if the increased charge of the OEC has any measurable effect on
the redox potential of P680. Since the distance between the Mg-centers
of P680 and the OEC (taken to be the outerMn) is as large as 18 Å, the an-
swer to this question is not obvious. However, an observation in the S3 to
S4 transition suggests that the effect should be substantial [55,56]. It has
been found that when P680 is oxidized, an electron is transferred from
TyrZ and after that a proton is expelled from theOEC. Sincenomixing be-
tween protonated and unprotonated states are observed in the experi-
ment, before or after P680 oxidation, this means that the proton on the
OEC should be bound by at least 2.5 kcal/mol before P680 oxidation,
and afterwards the same proton should leave the OEC exergonically,
again by at least 2.5 kcal/mol. Altogether, this leads to an effect from
P680 oxidation of at least 5.0 kcal/mol on the pKa of the proton on the
OEC. The reverse effect must obviously be the same, i.e. the effect on
the redox potential of P680 by the additional proton on the OEC must
be at least 5.0 kcal/mol (0.22 V). This means that the redox potential
of P680 in the S3 and S4 transitions should be as high as 1.47 V
(1.25+0.22), which signiﬁcantly helps the ﬁnal critical steps of water
oxidation. Thermodynamically, the creation of the high redox potential
is not a problem since the energy of the photon is 1.84 V. The price
paid is instead that the back-reaction, leading to a loss of the charge sep-
aration, becomes much easier in S3 and S4. Indeed, it has been observed
that the miss parameter of ﬂash-induced O2 evolution is higher in the S2
to S3 and S3 to S0 transitions as compared to the earlier S-transitions
[57,58]. An interesting aspect of the increased redox potential of P680 in
the late S-transitions is that the additional driving force is not used to
make OEC oxidation easier, as one might intuitively think, but rather to
make proton release easier. In summary, the total driving force for
water oxidation becomes 51.5 kcal/mol (41.5+2×5.0), and this is the
value used in the diagrams discussed below.
From the effect of 5.0 kcal/mol of P680 oxidation on the pKa of the
proton on the OEC, an average dielectric constant of the protein can
be estimated. If the distance of 18 Å mentioned above is used, the di-
electric constant becomes 3.1. However, if an edge to edge distance of
12 Å is used instead, the dielectric constant becomes 4.6. Both these
estimates may be considered to be surprisingly low, but such a low
dielectric constant is needed to reproduce the experimental observa-
tion. Interestingly, a quite similar dielectric constant of only 3–4 has
been shown to be needed to reproduce measured pKa differences in
cytochrome c oxidase [59].Asp170
His332
Glu189
333
Asp342
Ala344
Glu354
4
3
1
2
ing of the Mn-centers.W1 andW2 are second shell water molecules used during proton
4
3
2
1
Asp170
His332
Asp342
Ala344
Glu333
Glu189
Glu354
2.91
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3.192.31
2.35
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2.34
Fig. 4. The optimized S0−1 state. The Mn–Mn and the Mn–OH distances between the central OH group (O5 in the X-ray structure) to the manganese and calcium atoms are given in
Å. Only most essential atoms are shown.
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Fig. 5. Optimized TS-structure for the ﬁrst proton transfer in the S1−1 state. Only most essential atoms are shown.
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Fig. 7. Energy diagram for the S0 to S1 and S1 to S2 transitions. The labels A–C indicate
the positions of the moving proton, see Fig. 2.
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force for the expulsion of the proton on the OEC. The increased repul-
sion on the proton on the OEC obtained by moving the electron from
TyrZ to P680+ is exactly counterbalanced by the increased cost for mov-
ing the electron due to the proton on the OEC. Instead, moving the
charge from P680+ to TyrZ could give a kinetic effect that could help
the expulsion of the proton.
To construct full energy diagrams, as described in detail in other
papers [13–15], one experimental energy value is needed. As in the
recent paper [19], this value is taken from the detailed experimental
knowledge of the initial part of the S3 to S4 transition as described
above. Removing the proton for the S3-state is ﬁtted to be endergonic
by 2.1 kcal/mol.
3.2. The S0 to S1 and S1 to S2 transitions
The S0 to S1 transition starts out at the optimized S0-structure shown
in Fig. 4. This structure has an unusual feature and this is the position of
the hydroxide in the center of the complex. The Mn–OH distances are
quite long with 2.34, 2.31 and 2.35 Å. Interestingly, the X-ray structure
has a similar position for theO5-oxygen. One condition for having such
a structure is that allmanganese centers involved should have oxidation
states not higher than Mn(III). If anyone of the manganese atoms are
oxidized to Mn(IV), the hydroxide would directly move towards that
manganese and form the usual bond of around 1.9 Å. The only Mn(IV)
at this stage is thus Mn2. From this it is clear that the X-ray structure
observed cannot be in the S1-state as claimed, since this would require
that one of the manganese binding to the hydroxide would be an
Mn(IV). The X-ray structure therefore has to be reduced at least to the
S0-state by X-ray radiation. Another condition for the unusual Mn–OH
distances is probably the rather close interaction with calcium with a
distance of 2.50 Å, see ﬁgure. The Mn–Mn distances in the optimized
S0-structure are Mn1–Mn2=2.78 Å (2.8 Å), Mn1–Mn3=3.19 Å
(3.3 Å), Mn2–Mn3=2.82 Å (2.9 Å), and Mn3–Mn4=2.91 Å (3.0 Å),
where the X-ray distances [16] are given in parenthesis. From theW2
D
C
B
A
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1
2
H+
W1
W3
1.2
1.2
Fig. 6. Optimized TS-structure for the second proton transfer in the S1−1 state. Only most essential atoms are shown.
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Fig. 8. The optimized S1−1 state. Only most essential atoms are shown.
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ture, it is tempting to conclude that the latter should be in an S0-state.
However, other suggestions are also possible, like a mixing of different
reduced states [41,42]. A very different suggestion is that the X-ray
structure should be a mixing of two S1-structures with exactly the
same energy [27]. Since this would rely on a remarkable coincidence
and that X-ray reduction should not be present, the latter suggestion
appears less likely.
The transition to the next S-state occurs in many steps, as also de-
scribed recently for the higher S-transitions [19]. Theﬁrst step is a strong-
ly exergonic electron transfer from the OEC to P680+ of 13.4 kcal/mol. As
usual, the electron release starts by transferring an electron from TyrZ
to P680+ , which is followed by an electron transfer from the OEC to TyrZ+.
The oxidized center isMn3. After the electron release there is an ender-
gonic proton release of 7.7 kcal/mol. The proton is released from the
water on the outer manganese,Mn4. The position of one of the protons
in this initial S1−1-state is not optimal, which leads to two additional
proton transfers. The TS for the ﬁrst one is shown in Fig. 5. This step
moves a proton from the central hydroxide at A to the hydroxide on
Mn4 (position B), with a barrier of only 2.5 kcal/mol and an exergonicity
of 3.9 kcal/mol. As seen in the ﬁgure, waterW3 is involved in the transi-
tion. The TS for the second proton transfer step is shown in Fig. 6. In this
case a proton is moved from the water ligand just formed on Mn4 at
positionB to the hydroxide on the samemanganese at position C, formed
directly after proton release. The barrier for this step is also lowwith only
4.3 kcal/mol, and the step is exergonic by 4.5 kcal/mol. WaterW3 is in-
volved in the transition. These proton transfers lead to the suggested
S1-state, shown in Fig. 8. The energetics of the S0 to S1 transition is
shown in Fig. 7. With the present parametrization it can be noticed that
the S10 and the ﬁnal S1−1 states are very close in energy with−13.4 and
−14.1 kcal/mol, respectively. From the calculations alone this energy
difference is too small to conclusively determine which state is the
ground state for S1. However, experimentally it is quite clear that only
an electron leaves the OEC in the S1 to S2 transition [60,61], which
means that the S1 ground state has to be an S1−1 state. From the calcula-
tions it should be the one with the proton in position C.
The optimized S1 ground state is shown in Fig. 8. The Mn–Mn dis-
tances are Mn1–Mn2=2.79 Å (2.8 Å), Mn1–Mn3=3.12 Å (3.3 Å),
Mn2–Mn3=2.81 Å (2.9 Å), and Mn3–Mn4=2.74 Å (3.0 Å), with
the X-ray distances [16] in parenthesis. As already discussed above,
these distances do not match the experimental ones very well. In par-
ticular, the experimentalMn3–Mn4 distance is too long by 0.2–0.3 Å,
indicating that one of the experimental bridging oxo-groups is pro-
tonated. This is also the distance that changes most between the S0
and S1 states, for the same reason. There is also a notable change of
the longMn1–Mn3 distance, but this distance is more sensitive to de-
tails and the change is not as signiﬁcant. The description of the OEC
with three short and one longer bond, as indicated in one EXAFS
study [62–64] is more clear in the S1 than in the S0 state. The EXAFS
distances obtained were three with 2.7 Å distances and one with
3.3 Å. The accuracy of the present methodology is not higher than
this discrepancy between theory and experiments. In another EXAFS
study [6], only two short Mn–Mn distances were suggested.
To reach the S2-state,Mn4 is oxidized to Mn(IV). The transition is
exergonic by 5.7 kcal/mol. The structure, see Fig. 9, is very similar to
the one of the S1-state. The Mn–Mn distances are Mn1–Mn2=
2.83 Å (2.79 Å), Mn1–Mn3=3.46 Å (3.12 Å), Mn2–Mn3=2.80 Å
(2.81 Å), andMn3–Mn4=2.74 Å (2.74 Å), with the calculated S1 dis-
tances in parenthesis. Of the short distances only Mn1–Mn2 changes
with a lengthening of 0.04 Å. From EXAFS, no signiﬁcant distance
changes were observed, but it is not clear if such a small lengthening
would be observable with three Mn–Mn distances of similar size. The
longer, much more sensitive, Mn1–Mn3 distance increases by as
much as 0.3 Å, which has not been indicated by EXAFS, but to obtain
this distance accurately is more difﬁcult both experimentally and the-
oretically. The second substrate water can also be seen in the ﬁgure. Itis now very weakly bound to Mn1 with an Mn–O distance of 2.4 Å.
This result is in agreement with water exchange experiments by
Hillier et al. [65], that indicate at most a very weakly bound substrate
water in S2. It is also in agreement with suggestions by Dau et al.
[6], who suggested that Mn1 is 5-coordinated at this stage with the
sixth ligand not closer than 2.4 Å. More recently, strong support for
5-coordination has been demonstrated by Mn ENDOR data [38].
An important part of the S1 to S2 transition is indicated at the end of
the curve in Fig. 7. This part shows that a release of a proton at that stage
is endergonic by 1.6 kcal/mol, which means that the proton will stay at
the OEC when P680 is oxidized the next time, which signiﬁcantly in-
creases the driving force for the next step, as discussed above. It should
be noted that the parametrization (a single parameter) of the energetics
was not taken from this transition but for the next onewith S3 to S4. The
substratewater is not bound in S1, but a tentative place for it outside the
OEC is still shown in Fig. 8.
There have been several interesting experimental and theoretical
studies on the S2-state recently. It has been known for decades, that
two different spin-states of S2 can be observed. One of them has an
EPR, g=2.0, multiline signal [66], while the other one has a high spin,
g≥4.1, signal [67]. In one of the recent studies, two interconvertible
structures of S2 were demonstrated, and identiﬁed as corresponding
to these spin-states [68]. The energy difference of these states was
found to be only 1–2 kcal/mol, depending on the functional. The result
using the present model is quite similar with 3.4 kcal/mol. In previous
optimizations of the S2 structure, the results converged to any one of
these structures depending on the starting coordinates, but always
with the same order of the states [14].
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S2-state was reached [20], which is essentially identical to the one
reached using the present model [18]. This DFT structure was found to
match the experimental multifrequency EPR and 55Mn–ENDOR spectra
well. Amajor experimental breakthroughwas reached in another study
by the same group [21]. They were able to show which oxygen in the
S2-state that are most likely to form dioxygen, by a combination of
ELDOR and water exchange experiments. The interpretations were
built on earlier water exchange experiments [32,65,69,57], where one
substrate water was found to exchange very slowly and one very fast
in S2. The slowly exchanging oxygen was in the new study proposed
to be one of the central oxo-groups in agreement with the DFT mecha-
nism [13,14,18]. The second substrate water was suggested to bind in
connectionwith formation of the S3-state, as also suggested by the pres-
ent DFT model. These results are at variance with the conclusions of an
earlier experimental study on model systems and manganese catalase,
where water exchange for an oxo group was found to be very much
slower than the slow water exchange in OEC, suggesting that an oxo
group could not be a substrate [70]. At present, water exchange path-
ways in S1 and S2 have almost been determined using the present DFT
model. For the pathways found so far, the direct water exchange only
occurs for a water on a Mn(III) center. This means that the rate of ex-
change for another type of water derived ligand depends on the ease
of transferring electrons and protons and sometimes moving the water
to create that situation. This means going over sometimes several tran-
sition states before the direct water exchange. The calculations indicate
that it is somewhat easier in S2 than in S1. Qualitatively, the results are in
line with the ELDOR experiments [21]. Some further work is required
and will be presented elsewhere.
3.3. The S2 to S3 transition
The proton transfer steps in the S2 to S3 transition were already
discussed in detail in the previous paper [19]. Only the differences4
3
Asp170
His332
Glu333
2.76
3
Fig. 11. Optimized S30 structure. Onlycompared to the previous study, which mainly concerns the energet-
ics, will therefore be discussed here. These differences are related to
the protonation of His337, and, more importantly, to the new analysis
of the P680 reduction as described above. The new energetics is shown
in Fig. 10.
The mechanisms for the internal proton transfers on the OEC are
structurally essentially identical to the ones in the earlier study, involv-
ing the same ligands and the same intermediate waters. The energetics
of these steps are also very similar. Two new transition states were
obtained, this time based on fully optimized structures for a smaller
model including only the main groups of the side chains. The main dis-
tances from the small model were then held ﬁxed for the large model.
The previous procedure, where the key distances were optimized in
one dimension each, gave essentially identical results.
The S2 to S3 transition starts out by oxidizing P680. Since a proton is
left on OEC from the previous transition, this increases the redox poten-
tial of P680 by 0.22 V, see above. The increased driving force is used to re-
lease a proton from the OEC by charge repulsion. The proton released,
like in all the other S-transitions, is one on the water ligand (position
C) on Mn4. As seen in Fig. 10, the proton release is now exergonic by
3.4 kcal/mol. The release is experimentally found to be associated with
a substantial barrier. The release time is 200 μ-sec corresponding to a
barrier of 10–12 kcal/mol. This time might be long enough to affect the
back-reaction of the initial charge separation in the reaction center. The
endergonicity of the back-reaction could be reduced from 14 kcal/mol
[71] down to only 9 kcal/mol, but the situation should be analyzed
in more detail. To computationally determine the barrier for proton re-
lease would require much larger models and has therefore not been
attempted.
The proton release is followed by an electron release, endergonic by
6.7 kcal/mol, leading to an oxidation of Mn1. This oxidation leads to
ﬁrm binding of the water molecule with a change of the Mn1–O dis-
tance from 2.40 Å to 1.81 Å, due to the loss of the Jahn–Teller axis on
this center. It is proposed that the large reconstruction implicated by2
1
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.55
most essential atoms are shown.
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Fig. 12. Energy diagram for the S3 to S4 transition. The labels A–C indicate the positions
of the moving proton, see Fig. 2.
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ofMn1 is directly followed by a proton transfer from the bound water
from A to B, which is strongly exergonic by 10.7 kcal/mol. The large
exergonicity is expected sinceMn1 has been oxidized. As in the previ-
ous study, the reverse order of these steps was tried, but also here
found to require a higher barrier. There remains a possibility that the
electron release to TyrZ is concerted with the proton transfer. To test
this a larger model including TyrZ would obviously be required. Still,
since the rate of this step is anyway quite fast, a concerted mechanism
would not change any conclusions. The next step is a proton transfer
from B to C, with a low barrier of 5.9 kcal/mol, and exergonic by
4.0 kcal/mol. The ground state for S3 is now reachedwith the optimized
structure shown in Fig. 11. As in the S2 to S3 transition, it is endergonic
to remove the next proton from the OEC. This time the endergonicity of
2.1 kcal/mol is parameterized to match experimental observations for
the S3 to S4 transition [55,56], see above. Note that this is the only exper-
imental parameter used in the energy diagrams except the total driving
force.
The Mn–Mn distances in S3 areMn1–Mn2=2.84 Å (2.83 Å),Mn1–
Mn3=3.55 Å (3.46 Å),Mn2–Mn3=2.81 Å (2.80 Å), andMn3–Mn4=
2.76 Å (2.74 Å), with the S2 distances in parenthesis. These results are
very similar to the ones obtained in the previous study. As expected,
the protonation state of His337 has almost no effect on these distances.
The computed Mn–Mn distance-changes in the S2 to S3 transition
can be compared to EXAFS measurements. In the EXAFS studies by
Yachandra et al. [62–64], three short distances with 2.73 Å, 2.73 Å and
2.82 Å were found in S2 in reasonable agreement with the calculated
distances 2.74 Å, 2.80 Å, and 2.83 Å, taking into account that B3LYP-
distances are generally somewhat long. The fourth distance was 3.30 Å.
In the EXAFS study by Dau et al. [6], only two short Mn–Mn distances
with 2.69 Å and 2.74 Å were suggested. The other two were claimed to
be longer than 3 Å. The present result for the long distance is 3.46 Å.
For the changes of the short Mn–Mn distances in the S2 to S3 transition,
there are different conclusions in the two EXAFS studies. In the studies
by Yachandra et al., it was concluded that there is a lengthening of one
of the 2.73 Å distances to 2.80 Å, and also of the 2.82 Å distance to
3.00 Å. In the study by Dau et al. it was suggested that there is a forma-
tion of an additional 2.7 Å Mn–Mn bis-μ-oxo bridge in S3, leading to
three short distances with 2.73 Å, 2.77 Å and 2.80 Å. Perhaps the most
noteworthy of the differences of the S3 distances is the one which is
2.80 Å in the Dau et al. study, and as long as 3.0 Å in the Yachandra et
al. study. The two different proposals led to quite different proposals
for the water oxidation mechanism. Surprisingly, the present calcula-
tions show almost no change of the Mn–Mn distances, and therefore
do not support any of the experimental suggestions. It can be noted
that the present result is in good agreement with the studies of
Yachandra et al. for the S2 state, while it is in good agreement with the
one of Dau et al. for the S3 state. However, there is agreement on the
point that there is a signiﬁcant structural change in this transition,
which in the present case only concerns a large change of one of the
Mn–O distances due to the disappearance of a Jahn–Teller axis. An anal-
ysis of the EXAFS spectrum has recently been initiated but is not quite
ﬁnished yet. At the present stage it appears that themain part of the dis-
crepancies between theory and experiments are due to which atoms are
allowed to contribute to the spectra. In the theoretical calculations of
the spectra, the full model has been allowed to contribute, while in
the experimental analysis the contributions from the ligands and the
surrounding was more approximate, mainly because at the time of the
experiments, the positions of the ligands and the overall structure of
the surrounding of the OECwere not known. Still, minor actual discrep-
ancies between theory and experiments cannot be excluded.
Different experimental types of interpretations of NEXAFS (XANES)
spectra have led to signiﬁcantly different pictures of the S2 to S3 transi-
tion, and therefore dramatically inﬂuenced the suggested mechanisms
for O―O bond formation. In one type of interpretation the shift of the
absorption edge was concluded to indicate a ligand centered oxidationrather than amanganese centered one [72]. In another type of interpre-
tation, using a very similar measured spectrum, the oxidation was
instead concluded to be manganese centered [73]. Which type of inter-
pretation should be used is not clear from model studies. In the former
study the position of the edge was determined by the zero crossing of
the secondderivative of the absorption threshold. In the latter itwas de-
termined as the energy at half intensity of the rising curve. A computa-
tional study simulating the spectra from the present type of structures
was recently done [25]. As described above, the present S2 to S3 transi-
tion is purely manganese centered. The experimental spectrum was
well reproduced using a ΔSCF DFT procedure, showing that this transi-
tion should be described as anMn(III) to Mn(IV) oxidation. However, if
the same procedures as used experimentally to determine the edge
shifts were adopted, the interpretations become as different as in the
experimental papers. Apparently, to determine the position of the edge
by the zero crossing of the second derivative of the absorption threshold
does notwork in the present case. Overall, NEXAFS does not appear to be
a reliablemethod to determineoxidation states, at leastwithout a careful
computational analysis. Connected with this problem of analysis, is the
fact that oxidation of a metal in a metal complex hardly changes the
charge on the metal [74].
3.4. The S3 to S4 transition
Also the S3 to S4 transition has been described in detail in the previ-
ous study [19]. The transition starts out by oxidizing P680 and the posi-
tive charge leads to a release of a proton from the OEC by repulsion. The
exergonicity is 2.9 kcal/mol, see Fig. 12. At this stage the OEC should be
oxidized. Since allmanganese now are in anMn(IV)-state, the oxidation
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Fig. 14. Optimized peroxide product. Only most essential atoms are shown.
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Fig. 13. Optimized transition state for O―O bond formation. Only most essential atoms are shown.
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the hydroxyl group onMn1 has to be removed, by a transfer from posi-
tion A to B. This step is endergonic by 10.1 kcal/mol and goes over bar-
rier with almost the same energy. Thismeans that the step from S3−1(A)
to S40(B), see ﬁgure, can be regarded as one concerted PCET (proton
coupled electron transfer) step. At this point the oxo group at position
A can be oxidized to an oxyl radical, which is absolutely necessary for
forming the O―O bond. This oxidation is exergonic by 5.3 kcal/mol.
Still another proton transfer, from B to C, has to occur to create optimal
conditions for O―O bond formation. The reason for this transition is
that in the O―O bond forming step, Mn4 will be reduced to Mn(III),
which requires a JT-axis pointing at the substrate oxygen on this metal.
Water is an ideal ligand along this axis. This proton transfer is slightly
exergonic by 1.2 kcal/mol and goes over a barrier of 6.4 kcal/mol. A
spin of 0.73 is now present on the two oxygens forming the O―O
bond, with 0.62 on one and 0.11 on the other oxygen. The transition
states for both proton transfers were discussed in detail in the previous
paper [19].
The mechanism for O―O bond formation was also discussed in
detail in the previous papers [18,19] and is very similar to the one
suggested already 2006 [12]. The spins are alternating with antiferro-
magnetic coupling between Mn1 and Mn4, and opposite spins on the
two oxygens forming the bond. The local barrier is 7.7 kcal/mol and
the transition state is shown in Fig. 13. Since S3−1 with the proton on
position A is the resting state which lies 3.6 kcal/mol lower than the
immediate reactant for O―O bond formation, the actual barrier is
11.3 kcal/mol. It should be noted that the barrier for proton transfer
from B to C is almost as high. O―O bond formation is exergonic by
2.8 kcal/mol from C. The peroxide is shown in Fig. 14. At this stage,
Mn4 is Mn(III), the other ones still Mn(IV).
In another mechanism suggested for O―O bond formation in the
OEC, Arg357 plays a key role for proton transfer or as a base [30]. To
test the hypothesis of an intermediate unprotonated Arg357, two
different protonation states of the S3−1 state was studied, which is
the most relevant state to look at. In the ﬁrst of them, there is an
hydroxide at position C of Mn4 and a protonated Arg357, which is
the ground state obtained here for that state (the one with energy
−34.1 kcal/mol in Fig. 12). The hydroxide was created by removing
a proton from water in position C on Mn4 in the ground state of S30
(with energy −31.2 kcal/mol in the diagram). In the second one, a
proton is instead removed from the protonated Arg357. The result is
that the present ground state of S3−1 is 12.0 kcal/mol (8.6 pKa units)
more stable. Removing a proton from the water on position C is
thus very much more favorable than removing it from the protonated
Arg357. This means that an unprotonated Arg357 is actually less like-
ly than expected to be present as an intermediate in S4, probably due
to the stabilizing negative oxo groups on the OEC. If an unprotonated
Arg357 were to be used in the O―O bond forming process, the calcu-
lated effect of 12 kcal/mol should be added to the computed barrier,
at least using the present type of models. If also the cost of creating
the oxyl radical is added, in the present mechanism 3.6 kcal/mol, a
water attack mechanism of this type [30] would have a barrier higher
than 20 kcal/mol, as found in all other studies using that mechanism
[12].
3.5. The S4 to S0 transition
After the peroxide has been formed a quite complicated set of re-
action steps starts for returning to the S0-state. Some of these steps
are actually also the hardest ones to describe using the present meth-
odology, and the energetics is therefore probably less accurate than
for the other transitions.
In the ﬁrst step in this sequence, the peroxide is released with a
large gain of entropy. Simultaneously, two manganese (Mn1 and
Mn3) are reduced from Mn(IV) to Mn(III). The previous model with
an unprotonated His337, gave an unreasonable endergonicity forthis step of +12 kcal/mol. If this was a true value, this step would
be clearly rate-limiting and much too slow compared to experiments.
There are two possibilities to correct this deﬁciency in the descrip-
tion. The ﬁrst one is to try to see if the substrate water molecule
that should enter before the ground state of S0 is reached, enters con-
certedly with O2 release. A large effort was spent trying to ﬁnd this
type of concerted pathway, but without success. There was never
any sign of a gain in energy by letting the water enter early. The sec-
ond possibility to correct the result is to change the model. Since all
other steps are extremely well reproduced by the present model,
the change in the model should be as small as possible. By letting
His337 be protonated, the reduction of the two manganese obviously
becomes easier in absolute values. However, only relative redox po-
tentials count in the energy diagram, and to reach an effect the
other steps should be less affected by the protonation. It turns out
that this is the case, and only the O2 release step changes signiﬁcantly
if relative redox potentials are used, as seen by comparing the present
diagrams to the ones obtained using the unprotonated His337 [19]
The endergonicity of O2 release is now reduced to a more reasonable
value of +4.5 kcal/mol, see Fig. 15. Even if this modiﬁcation corrects
the problem for O2 release, a more complicated solution to the prob-
lem involving protein structural changes should still be left open.
After O2 is released, a water on calcium moves towards the cavity
in the center of the OEC as shown in Fig. 16. To reach the ground state
for S0, a proton ﬁrst has to be transferred from the calcium bound
water to the hydroxide group at position B on Mn4. The transition
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Fig. 16. S00 structure obtained after O2 is released and the new water substrate binds. Only most essential atoms are shown.
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reaching an energy of −20.1 kcal/mol at the TS, see Fig. 15. This is
the highest point in the S3 to S0 transition and should in principle
be rate limiting for water oxidation. However, the uncertainty of
this value makes this conclusion questionable. Since the key chemis-
try is the formation of the O―O bond, that step is muchmore likely to
be rate limiting. The calculated energy values at the respective TS are
anyway quite close,−20.1 kcal/mol and−22.8 kcal/mol. The protonW2
D
C
B
H+
1.2
1.2
Fig. 17. Proton transfer transition state in S00transfer step is exergonic by as much as 12.8 kcal/mol. At this stage a
proton is released from the water at position C on Mn4. This is fol-
lowed by the binding of a substrate water with an estimated binding
energy of 2.7 kcal/mol. Only one step remains to return to the start of
the water oxidation cycle, see Fig. 4, and this is a proton transfer from
the water on position B to the hydroxide on position C. The transition
state is shown in Fig. 18 and it has a barrier of 4.9 kcal/mol and an
exergonicity of 8.6 kcal/mol.W1
A
4 3
1
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1.3
. Only most essential atoms are shown.
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Fig. 18. Proton transfer transition state in the S0−1-state. Only most essential atoms are shown.
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The energetic results discussed above are collected in the full
diagram shown in black in Fig. 19. In this diagram, the individual proton
transfer steps are removed. When this is done, O―O bond formation is0
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Fig. 19. Full energy diagram for water oxidation from S0 back to S0. The upper curve is
with a full membrane gradient.rate limiting with a barrier from the resting S3−1-state of 11.3 kcal/mol
(34.1 - 22.8). An important point about the mechanism is, of course,
that protons and electrons are removed in an alternating fashion. This
has been done also in the earlier DFT studies, see for example Ref.
[10]. This preserves the charge of the catalyst as much as possible,
which has been found to be an energetic advantage in enzyme mecha-
nisms in general [15].More recently, themodelwith alternating remov-
al of charges has been used experimentally to analyze water oxidation
in PSII, and has been found to explain a large body of experimental re-
sults [75]. The mechanism in the ﬁgure is in agreement with experi-
ments as to when the protons and electrons are released from the
OEC, and when the two substrate water molecules enter, one in S0
and one in S2. It agrees alsowith the fact that only an electron is released
in the S1 to S2 transition. The total driving force is taken from experi-
ments, and one parameter is ﬁtted to observations of the proton release
in the early part of the S3 to S4 transition.
Also shown in the ﬁgure in red are the results when a full pH-
gradient of 3 pH-units is applied. This means that 4.1 kcal/mol is
added every time a proton is released. Remarkably, the membrane
gradient only increases the barrier for the rate-limiting step to
12.5 kcal/mol from 11.3 kcal/mol, even though the driving force is re-
duced from 51.5 kcal/mol to 35.1 kcal/mol.
4. Conclusions
Energy diagrams and structures have for the ﬁrst time been ob-
tained for the full sequence of proton and electron release steps in
water oxidation in photosystem II. The manganese centers are oxi-
dized in the order Mn3, Mn4 and Mn1. Mn2 is always Mn(IV). In
the S3 to S4 transition a terminal oxygen on Mn1 is oxidized. For
the proton release steps, also transition states have been optimized for
the microsteps. The energetics ﬁts very well to observations. To obtain
a reasonable energy for the O2 release step, it was found necessary
to protonate His337. Another change compared to previous studies is
that a larger driving force is used for the last two S-transitions than
for the ﬁrst two. The argument for this follows from two experimental
observations. One is that only an electron leaves the OEC in the S1 to
S2 transition [60,61], and the second one is that a proton is released
early in the S3 to S4 transition when P680 is oxidized [55,56].
The mechanism for O―O bond formation is essentially the same
as the one suggested 2006 [12]. An oxyl radical in the center of the
1018 P.E.M. Siegbahn / Biochimica et Biophysica Acta 1827 (2013) 1003–1019OEC forms the O―O bond with a bridging oxo-group. In 2008, a struc-
ture of the resting state of the OEC was obtained starting from that
transition state for O―O bond formation and adding electrons and
protons [13]. That structure turned out to be very similar to the 2011
high-resolution X-ray structure [16]. The only notable difference was
associated with a misplacement of Asp170. DFT studies performed
after the 2011 structure, conﬁrmed the expectation that the different
position of Asp170 did only have very small effects on the mechanism
for O―O bond formation [18].
Very recently important spectroscopic measurements have con-
ﬁrmed key elements of the present mechanism. First, using a combina-
tion of EPR, ENDOR, and DFT a structure of the S2-state was reached [20]
in almost exact agreement with one obtained independently by energy
minimization based on the oldDFT structuremodiﬁed by the position of
Asp170 [18]. Second, usingW-band 17O-ELDORdetectedNMR spectros-
copy, information about the two substrate positions were obtained,
strongly suggesting the positions given by the present mechanism
[21]. A very interesting future possibility would be if the experimental
time resolution could be improved slightly to conﬁrm the surprising
changes in the water exchange rates in S1 and S2.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2012.10.006.References
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